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INTRODUCTION 
Thermal conductance of a b o l t e d  j o i n t  depends t o  a l a r g e  
e x t e n t  on t h e  t r u e  a r e a  of c o n t a c t ,  which d e r i v e s  p r i m a r i l y  from a combi- 
na t ion  of t h e  type of m a t e r i a l ,  hardness ,  s u r f a c e  roughness,  s u r f a c e  
waviness,  and type  of f i n i s h .  Other f a c t o r s ,  of course ,  inc lude  t h e  
apparent  c o n t a c t  p r e s s u r e  and t h e  presence of i n t e r s t i t i a l  m a t e r i a l s  
between the  mating su r faces .  True c o n t a c t  a r e a  i s  g e n e r a l l y  composed 
of microscopic c o n t a c t  p o i n t s  between s u r f a c e  a s p e r i t i e s .  Since i t  i s  
v i r t u a l l y  impossible t o  machine mating s u r f a c e s  t o  t h e  degree  of accuracy 
requi red  f o r  t h e  waviness ampli tude a t  t h e  i n t e r f a c e  p lane  t o  be small  
compared w i t h  t h e  h e i g h t  of t h e  s u r f a c e  a s p e r i t i e s ,  t h e  a s p e r i t y  c o n t a c t  
i s  g e n e r a l l y  l i m i t e d  t o  those  l o c a l i z e d  a r e a s  where t h e  mating h igh  
p o i n t s  of t h e  s u r f a c e s  a c u t a l l y  meet. 
B A T T E L L E  MEMORIAL I N S T I T U T E  - COLUMBUS LABORATORIES 
When h e a t  conduction a c r o s s  bo l t ed  j o i n t s  i s  used a s  a means 
f o r  coo l ing  space-vehic le  components, o r d i n a r y  machined s u r f a c e s  i n  
c o n t a c t  normally p r e s e n t  a n  u n d e s i r a b l y  h igh  thermal  r e s i s t a n c e  a t  t h e  
i n t e r f a c e ,  p a r t i c u l a r l y  i n  a vacuum environment. I n  p r a c t i c e ,  t h i s  
r e s i s t a n c e  can be reduced s l i g h t l y  by a number of technique;, such a s  
t h e  a d d i t i o n  of conductive g r e a s e  o r  s o f t  meta l  f o i l  t o  t h e  j o i n t .  
However, apparen t ly  none of t h e  va r ious  methods t h a t  have been employed 
s o  f a r  p r e s e n t  a completely s a t i s f a c t o r y  s o l u t i o n  t o  t h e  problem. Con- 
sequen t ly ,  i t  is d e s i r a b l e  t h a t  a l t e r n a t i v e  methods o f f e r i n g  p o t e n t i a l  
f o r  f u r t h e r  improvement be pursued. 
One a l t e r n a t i v e  method t h a t  o f f e r s  promise i s  t h e  use  of b r i g h t  
l e v e l i n g  copper p l a t i n g .  
Leveling copper e l e c t r o p l a t e s  are used c h i e f l y  a s  undercoats  
f o r  n i c k e l  and chromium over  s t e e l ,  z i n c  and aluminum d i e  c a s t i n g s ,  
and p l a s t i c s .  Corrosion r e s i s t a n c e  of s t e e l  and z inc  a l l o y s  is  subs tan-  
t i a l l y  improved by t h e  use  of l e v e l i n g  and d u c t i l e  copper,  which f i l l s  
and smoothens s u r f a c e  i r r e g u l a r i t i e s .  Consequently,  t h i s  type  of copper 
p l a t i n g  is now be ing  used e x t e n s i v e l y  a s  an  i n d u s t r i a l  p rocess  f g r  f i n i s h i n g  
metal s u r f a c e s .  A number of major automotive companies a r e  p l a t i n g  
b r i g h t  l e v e l i n g  ac id  copper i n  p lace  of t h e  convent ional  cyanide copper 
i n  o r d e r  t o  minimize o r  e l i m i n a t e  t h e  need f o r  expensive buf f ing .  
Enhanced thermal  conductance as a r e s u l t  of us ing  t h i s  p l a t i n g  
method on mechanical j o i n t s  c a n  be a n t i c i p a t e d  f o r  s e v e r a l  reasons :  
(1) l e v e l i n g  t h e  s u r f a c e  should i n c r e a s e  t h e  t r u e  a r e a  of c o n t a c t ,  
(2 )  t h e  low y i e l d  s t r e n g t h  and d u c t i l i t y  of  t h e  copper p l a t i n g  should 
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f u r t h e r  i n c r e a s e  c o n t a c t  a r \?a  by l o c a l i z e d  p l a s t i c  deformation under load ,  
and (3)  t h e  h igh  thermal  c o n d u c t i v i t y  of copper should h e l p  t o  minimize 
t h e  thermal b a r r i e r  a t  t h e  j o i n t  i n t e r f a c e .  
Accordingly, t h e  o b j e c t i v e  of t h i s  s tudy  was t o  determine 
exper imenta l ly  t h e  f e a s i b i l i t y  of us ing  b r i g h t  l e v e l i n g  copper p l a t i n g  
t o  improve t h e  thermal conductance of mechanical j o i n t s  i n  a vacuum. 
APPROACH 
The approach t o  t h i s  e v a l u a t i o n  was t o  measure thermal  conduc- 
tance  a c r o s s  prepared s u r f a c e s  of mating ends of one-inch-diameter Type 
6061 aluminum r o d s  i n  c o n t a c t  under va r ious  c o n d i t i o n s  of load and 
s u r f a c e  p repara t ion .  The measurements were made i n  a s t e a d y - s t a t e ,  
l o n g i t u d i n a l  h e a t  flow, thermal-conduct iv i ty  measurement appara tus .  
The p l a n  included thermal-conductance measurements a c r o s s  a t  
l e a a t  s ix  p a i r s  of prepared s u r f  aces--  t h r e e  i n  an as-machined c o n d i t i o n ,  
and t h r e e  s i m i l a r l y  prepared p a i r s  w i t h  t h e  b r i g h t  l e v e l i n g  copper p l a t e  
added. Each of t h e  t h r e e  was machined i n  3 r o u t i n e  fash ion  to a d i f f e r e n t  
micro-surface roughness. The measurements were made under vacuum, near  
room temperature,  and a t  s e v e r a l  c o n t a c t  p r e s s t r e s .  
Mating ends of t h e  aluminum rods  were l a the - tu rned  t o  t h r e e  
l e v e l s  of roughness,  nominally 8, 63, and 125 p i n .  CLA. The thermal 
conductance a c r o s s  j o i n t s  of e s s e n t i a l l y  matched p a i r s  of t h e s e  s u r f a c e s  
was measured a t  va r ious  p r e s s u r e s  p r i o r  t o  t h e i r  be ing copper p l a t e d ,  
and a l s o  a f t e r  p l a t i n g .  
Contact  p r e s s u r e s  were maintained a t  reasonably  low l e v e l s  ( i n  
t h e  range of 20 t o  60 p s i  apparen t ,  i . e . ,  based on t h e  apparen t  1- in.-diameter  
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c o n t a c t i n g  a r e a )  t o  permit  e v a l u a t i o n  of t h e  j o i n t  conductances wi thou t  
s i g n i f i c a n t l y  f l a t t e n i n g  o r  d i s t o r t i n g  l o c a l  s u r f a c e  a s p e r i t i e s .  
The measurements were checked f o r  r e p e a t i b i l i t y  i n  some c a s e s  
by removing t h e  load on t h e  specimens, r o t a t i n g  one member of t h e  p a i r  
a  smal l  amount, re -applying t h e  load,  and re- running t h e  experiment.  
A s  t h e  program prcgressed ,  p re l iminary  r e s u l t s  i n d i c a t e d  t h a t  
f a c t o r s  o t h e r  than  t h e  s u r f a c e  m i c r o f i n i s h  a p p a r e n t l y  were l i m i t i n g  
j o i n t  conductance. Prominent among these  was g ross  f l a t n e s s .  Although 
i t  was recognized t h a t  l a the - tu rned  ends of t h e  c o n t a c t i n g  rods would 
not  be t r u l y  f l a t ,  an  objective of t h i s  s tudy was t o  achieve  f l a t n e s s ,  
as w e l l  a s  smoothness, w i t h  t h e  p l a t i n g  process .  The p l a t i n g  d i d  achieve  
smoothness, b u t  no t  f l a t n e s s .  Therefore ,  conductance measurements 
were made on one p a i r  of specimens, t h e  nominal 63-pin. CLA s t a r t i n g  
s u r f a c e ,  a f t e r  i t s  copper-plated s u r f a c e s  had been lapped. R e s u l t s  o f  
t h i s  measurement, cons idered  i n  con junc t ion  w i t h  o t h e r  d a t a ,  provided 
a t  l e a s t  a q u a l i t a t i v e  e v a l u a t i o n  o f  f l a t n e s s  e f f e c t s  w i t h i n  t h e  scope 
of t h i s  s tudy.  
RESULTS AND CONCLUSIONS 
(1) Large v a r i a t i o n s  i n  thermal  conductance were observed t o  
r e s u l t  from r e - p o s i t i o n i n g  as-machined specimens i n  the  exper imenta l  
appara tus .  I n  some c a s e s ,  t h i s  v a r i a t i o n  was a s  h igh  a s  a  3 : l  r a t i o  
between maximum and minimum values .  
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( 2 )  A g e n e r a l  improvement i n  j o i n t  conductance was observed 
t o  r e s u l t  from t h e  a p p l i c a t i o n  of the  copper p l a t i n g ;  hoticver, because 
of t h e  l a r g e  v a r i a t i o n  i n  r e s u l t s ,  a conc lus ive  demonstrat ion t h a t  t h e  
copper p l a t i n g  a lone  provides  improvement was not  obta ined.  The observed 
conductance va lues  f o r  t h e  p l a t e d  specimens were i n  a l l  cases  g r e a t e r  
than the  average of va lues  f o r  t h e  as-machined specimens, b u t  i n  some 
i n d i v i d u a l  measurements, as-machined specimens showed a h igher  conductance 
than t h e  specimens a f t e r  p l a t i n g .  
(3) It i s  concluded t h a t  o t h e r  s u r f a c e  v a r i a b l e s  a r e  a s  
important  a s  m a t e r i a l  and s u r f a c e  f i n i s h  i n  a f f e c t i n g  j o i n t  conductance; 
t h e r e f o r e ,  a l e v e l i n g  copper p l a t i n g  app l i ed  t o  an as-machined s u r f a c e  
w i l l  no t  by i t s e l f  a s s u r e  low thermal r e s i s t a n c e .  
RECOMMENDATIONS 
We recommend t h a t ,  i n  f u t u r e  e f f o r t s  t o  develop a p r a c t i c a l  
means f o r  process ing  mechanical j o i n t s  s o  as t o  achieve  both  h igh  and 
p r e d i c t a b l e  thermal conductance, both  mechanical su r face -£  i n i s h i n g  
v a r i a b l e s  and p l a t i n g  processes  be considered.  The p o t e n t i a l  b e n e f i t s  
of b r i g h t  l e v e l i n g  copper p l a t i n g  should be  re-examined i n  a more 
ex tens ive  subsequent s tudy  i n  which o t h e r  s u r f a c e  v a r i a b l e s  a r e  c o n t r o l l e d  
t o  a g r e a t e r  degree.  
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PROCEDURE 
Specimen Prepara t ion  and 
c h a r a c t e r i z a t i o n  
T e s t  specimen.3 were machined from 1-in.-diameter  Type 6061 
aluminum b a r  s t o c k  t o  a l eng th  of  5 i n .  S ing le  ends of t h e  specimens 
were la the- turned t o  nominal roughness l e v e l s  of 8, 63, and 125 micro- 
inches ( p i n . )  CIA.  A number of samples of each s u r f a c e  roughness were 
prepared,  and 3 mating p a i r s  were s e l e c t e d ,  one f o r  each roughness 
l e v e l ,  on t h e  b a s i s  of  s i m i l a r  s u r f a c e  f i n i s h  and f l a t n e s s .  Surface  
c h a r a c t e r i s i t i c s  were measured by a Talysurf*  machine. 
A f t e r  thermal-conductance measurements had been c a r r i e d  o u t  on 
t h e s e  as-machined p a i r s ,  each specimen was then  p l a t e d  i n d i v i d u a l l y  and 
Talysurf  measurements were repeated .  The e x c e l l e n t  l e v e l i n g  c h a r a c t e r i s -  
t i c s  of t h e  a c i d  copper a r e  s h ~ w n  i n  t h e  photograph of F igure  1, i n  which 
t h e  63-win. s u r f a c e  roughness of t h e  as-machined specimen on t h e  l e f t  
is reduced t o  less than 1 pin. by copper p l a t i n g ,  
The j o i n t  thermal conductance of one matched p a i r ,  8 A  and 8E,was 
measured a f t e r  p l a t i n g  wi thou t  f u r t h e r  s u r f a c e  changes. As shown i n  Table 
1, l e v e l i n g  a c i d  copper p l a t i n g  of t h e  8-pin. specimens d i d  not  s i g n i -  
f i c a n t l y  a l t e r  s u r f a c e  f l a t n e s s ,  b u t  d id  g r e a t l y  reduce t h e  roughness. 
Another matched p a i r ,  125C and 125G, was pol ished a f t e r  p l a t i n g  t o  
i n c r e a s e  f l a t n e s s ,  then  r e p l a t e d ,  b u t  uniform f l a t n e s s  could not  be  
achieved by such p o l i s h i n g  because edges were o f t e n  p r e f e r e n t i a l l y  
pol i shed.  A t h i r d  p a i r ,  63F and 63H, was lapped a f t e r  copper p l a t i n g  
* 
Talysurf  4,  Engis Equipment Company, Morton Grove, I l l i n o i s  
f 
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FIGURE 1. PHOTOGRAPH OF SPECIMENS BEFORE (LEFT-63H) 
AND PFTER (RIGHT 6 3 F )  PLATING WITH 3 MILS 
OF LEVELING ACID COPPER 
FIGURE 3 ,  VIEW OF ASSEMBLED FIXTURE EMPUYED FOR 
OBTAINING UNIFORM COPPEi: DISTRIBUTION 















































































































































































































































































































































































































































































































































































































i n  o lder  t o  achieve a high degree of f l a t n e s s .  Talysurf  recordings 
a f t e r  machining, p l a t i ng ,  pol ishing,  and lapping are i l l u s t r a t e d  rn 
Figure 2 f o r  Specimen 63F. ~ a l y s u r f  d a t a  l i s t e d  i n  Table 1 and shown 
i n  Figure 2 f o r  the  lapped sur faces  were con£ irmed using op t i ca l -£  l a t  
* 
measurement equipment. 
F ix tu re  Design and P la t ing  Procedure 
Two bas i c  types of f ixtur-es, a tubula r  Luci te  sh i e ld  and a 
s t a i n l e s s  s t e e l  disk-shaped robber,  were designed t o  improve capper- 
th ickness  uniformity on the  ends of the  aluminum rods. A Kocour th ick-  
ness t e s t e r  w a s  used f o r  measuring thickness.  The s t a i n l e s s  s t e e l  d i s k  
w a s  chosen because i t  elfminated copper build-up on the  circumference 
of rods when the  rods were s l i g h t l y  recessed i n t o  t h e  f i x t u r e .  There 
w a s  metal buildup on rods  p la ted  i n  the  Luci te  sh ie ld .  A photograph of 
the  d i s k  and rod assembly is  shown i n  Figure 3. 
H 
Nonproprietary so lu t ions  f o r  a c t i v a t i n g  6061 aluminum a l l o y  
f o r  p l a t i n g  were unsa t i s f ac to ry  due t o  poor adhesion and r e s u l t i a g  b l i s t e r -  
ing. Sa t i s f ac to ry  adhesion w a s  achieved and b l i s t e r i n g  w a s  el iminated 
by s u b s t i t u t i n g  p rop r i e t a ry  a l k a l i n e  and ac id  e tch ing  so lu t ions  f o r  t he  
nonetching a l k a l i n e  soak c l eane r  and two acid  z tching so lu t ions .  Double 
z inca t ing  was employed i n  bo th  procedures t o  insure  a t h i n  adherent z inc  
depos i t  before copper s t r i k i n g  i n  a cyanide copper bath. The procedure 
used t o  prepare specimens l i s t e d  i n  Table 1 is d e t a i l e d  i n  Appendix A 
* 
Do A l l  Mono-light instrument made by Do A l l  Company of Des Pla ines ,  I l l i n o i s .  
**For wrought a l l o y  61S, page 231, 1970 Metal Finishing Guidebook Directory.  
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Suggested sources  f o r  p l a t i n s  of space hardware us ing  t h e  recommended 
procedure a r e  a l s o  included i n  Akpendix A. 
S a t i s f a c t o r y  coppe- t h i c k n e s s  d i s t r i b u t i o n  was obta ined on 
two of s i x  specimens, 8A and 8E, p l a t e d  w i t h  0.0015 inch,  a s  ind ica ted  
i n  Table 1. Poor copper I i c t r i b u t i o n  on t h e  o t h e r  four  specimens i s  
a t t r i b u t e d  p r i ~ ~ a r i l y  ?o a m:.salignment of t h e  b a r  i n  t h e  c e n t e r  of t h e  
ho le  i n  t h e  s t a i , ~ l e s s  a t e  1 d i s k .  Such nonuniformity might have been 
e l iminated  i f  a conductive gaske t  between t h e  b a r  and t h e  s t a i n l e s s  
s t e e l  r i n g  had been used i - 1  place  of a nonconducting gaske t .  A ten-  
dency f o r  i n s ~ i f i c i e n t  copper t h i c k n e s s  nea r  t h e  circumference of t h e  
guide ho le  i n  t h e  c e n t e r  of each aluminum specimen w s s  exaggerated 
when the  th ickness  of  t h e  copper was increased from 0.0015 t o  0.003 
o r  0.005 inch.  Thus, a th ickness  l i m i t  o f  about  0.0015 inch  seems 
appropr ia te  t o  avoid l a r g e  v a r i a t i o n s  i n  th ickness  uni formi ty .  I f  
th ickness  is l i m i t e d  t o  0.0015 inch,  s u r f a c e  roughness should no t  
exceed about 20 inches ,  r m s .  The edge e f f e c t s  t h a t  complicated t h e  
p repara t ion  of t h e  1- inch-d iame ter specimens would be l e s s  t r o u b l e  some 
i n  l a r g e r  p i e c e s  of equipment. 
Thermal Conductance Measurements 
The thermal-conductance ~ n e a s u r e r - ~ o t  appara tus  used i n  t h i s  
s tudy  i s  i l l u s t r a t e d  i n  F i g w e  4. I n  t h i s  -lp?aratus,  h e a t  i s  t r a n s f e r r e d  
a x i a l l y  along a rod specimen from a source  of a s i n k .  Conduct iv i ty  i s  
then c a l c u l a t e d  us ing  t h e  s t andard  re la tLonsh ip ,  
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FIGURE 4. 
THERMAL-CONDUCTIVITY APPARATUS FOR METALS 
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where 
q =   eat flow r a t e  
k = thermal  c o n d u c t i v i t y  
A = specimen c r o s s  s e c t i o n  a r e a  
dT 
- = specimen temperature g r a d i e n t  i n  l o n g i t u d i n a l  d i r e c t i o n  . dx 
Longi tudinal  h e a t  flow is maintained w i t h  t h e  a i d  of thermal  
i n s u l a t i o n  and a guard c y l i n d e r  which i s  f i t t e d  w i t h  h e a t e r s  and c o o l i n g  
c o i l s .  Temperatures i n  t h e  guard c y l i n d e r  a r e  matched w i t h  those  i n  t h e  
specimen o r  meter a t  a g iven v e r t i c a l  l o c a t i o n  through use  of t h e  guard 
h e a t e r s  and coo l ing  c o i l s ;  t h i s  e f f e c t i v e l y  minimizes r a d i a l  h e a t  l o s s e s .  
The system i s  normally run  under vacuum t o  e l i m i n a t e  convect ive  h e a t  
t r a n s f e r  a s  w e l l  a s  p r o t e c t  t h e  specimen. 
Thermal conductance a c r o s s  t h e  l i g h t l y  loaded j o i n t  o f  t h e  two 
rods  used i n  t h i s  s tudy  was de f ined  a s  
where q is t h e  h e a t  f low l o n g i t u d i n a l l y  through t h e  aluminum rods ,  a s  
computed us ing  Equation ( I ) ,  and AT i s  t h e  t m p e r a t u r e  d i f f e r e n c e  a c r o s s  
t h e  joined s u r f a c e s ,  a s  determined from e x t r a p o l a t i o n  of thermocouple 
d a t a .  
A l l  measurements of t h i s  s tudy were made a t  moderately low 
temperatures;  t h e  normal average con tac t - su r face  temperature was near  
-4 80  C. The system was run  under vacuum of nominally 1 x 10 mm Hg. 
Loading was accomplished by applying e x t e r n a l  dead weight  t o  
t h e  v e r t i c a l  column; t r a n s l a t i o n  was p o s s i b l e  through s l i d i n g  vacuum seals. 
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Concen t r i c i ty  of the  p a i r  was assured  by a 0.03-in.-diameter  
p i n  i n s e r t e d  i n  a c e n t r a l  h o l e  i n  each specimen. Nonaxial loading was 
prevented by t h e  use  of a b a l l  j o i n t  t o  suppor t  t h e  lower specimen. 
Thermal-contact conductance of each of t h e  t h r e e  b a s i c  as-machined 
s u r f a c e s  was measured a t  each of f o u r  p ressures .  I n  a d d i t i o n ,  r e p e a t  
conductance measurements were made on t h e  125-and t h e  8-pin. CLA (extremes) 
s u r f a c e s  t o  check on uni formi ty .  The r e p e a t  measurements were executed 
i d e n t i c a l l y  t o  t h e  o r i g i n a l s ,  a f t e r  s l i g h t  r o t a t i o n a l  displacement  of  
t h e  mating p a i r .  
DISCUSSION OF RESULTS 
Thermal-Conductance Data 
The r e s u l t s  of t h e  thermal-conductance measurements a r e  
given i n  Table 2 and p l o t t e d  i n  F igures  5 ,  6 ,  and 7.  R e s u l t s  i l l u s t r a t e  
the  extreme s e n s i t i v i t y  of l o c a t i o n  t o  conductance a c r o s s  t h e  as-machined 
s u r f a c e s ,  and a l s o ,  t h e  l a c k  of c o r r e l a t i o n  w i t h  s u r f a c e  f i n i s h .  Obviously, 
f a c t o r s  o t h e r  than o r  i n  a d d i t i o n  t o  m i c r o f i n i s h  have a s u b s t a n t i a l  e f f e c t .  
Table 2 a l s o  g ives  conductance va lues  f o r  tile specimen p a i r s  i n  
t h e  as -p la ted  cond i t ion .  A s  i n d i c a t e d ,  measurements were made on two 
of t h e  sample p a i r s  fo l lowing r o t a t i o n a l  r e l o c a t i o n .  These showed f a r  
less s e n s i t i v i t y  t o  t h e  l o c a t i o n  e f f e c t  than was ev iden t  f o r  as-machined 
s u r f a c e s .  Although no t  enough d a t a  a r e  a v a i l a b l e  t o  permit  a comprehensive 
e v a l u a t i o n  of o r i e n t a t i o n  e f f e c t s ,  i t  i s  apparent  t h a t  cons ide rab ly  b e t t e r  
cons i s t ency  i s  achieved w i t h  t h e  copper p l a t i n g  over  t h a t  of  t h e  as-machined 
BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES 
_.- - - ?  - - - - -  -- - .- -. - - 
TABLE 2 .  JOINT THERMAL CONDUCTANCE DATA 
Spec imen Nominal CLA, Surf ace Joint Conductance, watts per dep C 





as  -machined 
a s  -machined 
as-plated 
as-plated 
8 a s  -machined 
as-machined 
as  -machined 
as-plated 
as-plated 
6 3  a s-mac hined 
as-plated 
and lapped 
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Apparent Contact Pressure,  p s i  
FIGURE 5 . JOINT THERMAL CONDUCTANCE OF NOMINAL 125 pin. CLA SURFACES I N  
CONTACT AT VARIOUS ROTATIONAL POS ITIONS (Da shed curve 
represents  dataaf ter  p l a t i n g )  
A p p a r e n t  C o n t a c t  Pressure, p s i  
FIGURE 6. JOIMC THERMAL CONDUCTANCE OF NOMINAL 8 pin. CLA SURFACES I N  CONTACT 
AT VARIOUS ROTATIONAL POSITIONS (Dashed curve represents data 
a f ter  p la t ing . )  
20 30 40 50 60 
Apparent Contact Pressure, p s i  
FIGURE I .  JOINT T H E W  CONDUCTANCE OP NDPlINbL 63 p in .  C U  S L W E S  I N  
CONTACT (Dashed curve represents data a f t e r  plat ing and 
lapping 
s u r f a c e s .  This  was a n t i c i p a t e d  i n  view of t h e  h igh  thermal conduct?vi ty  
of the  copper,  and t h e  g e n e r a l  smoothing e f f e c t  of  t h e  p l a t i n g .  
It i s  n o t  recommended t h a t  any q u a n t i t a t i v e  c o n c l u s i o n 3  be 
drawn from t h e  Table 2 d a t a  f o r  as-machined s u r f a c e s .  The wide s c a t t e r  
of d a t a  f o r  s i m i l a r l y  prepared s u r f a c e s  i n d i c a t e s  t h a t  mecnanisms more 
complex than can be  eva lua ted  through simple p ro f i lomete r  r ead ings  a r e  
involved i n  c o n t r o l l i n g  hea t  flow a c r o s s  joined meta l  s u r f a c e s .  
On t h e  o t h e r  hand, some improvement i n  conductance due t o  t h e  
copper p l a t i n g  was i n d i c a t e d .  I f  averaging of t h e  d a t a  s e t s  i n  F igures  
5 and 6 i s  pe rmi t t ed ,  a comparison oi b e f o r e - p l a t i n g  and a f t e r - p l a t i n g  
conductances i s  p o s s i b l e .  F igure  8 shows an  improvement near  40 pe rcen t  
f o r  the  nominal 125-Pin.CLA s u r f a c e s  a s  a  r e s u i t  of the  p l a t i n g ,  and 
Figure 9 shows an improvement near  20 pe rcen t  f o r  t h e  nominal 3-win. 
CW sur faces .  Obviously, t h e  v a l i d i t y  oi- these  va lues  i s  1.irnited by t h e  
smal l  amount of d a t a  a v a i l a b l e ,  and t h e  s c a t t e r  of "as-machined" r z s u l t s .  
F igure  10  i l l u s t r a t e s  a p o t e a t i a l  improvement iLl c ~ n d u c t a n c e  
when t h e  c o n t a c t  su r face r j  a r e  lapped a s  w e l l  a s  p l a t e d .  Again, the  
l imi ted  d a t a  do not  permit  a  comprehensive e v a l u a t i o n  of t h e  e f f e c t s  
of the  l e v e l i n g  copper p l a t i n g  on conductance, The f a c t  t h a t  t h e  change 
i s  s i g n i f i c a n t l y  g r e a t e r  than f o r  c a s e s  i n  which p l a t i n g  only  was employed 
emphasizes t h e  importance of f l a t n e s s  i n  minimizitig c o n t a c t  r e s i s t a n c e .  
The curves  r e p r e s e n t i n g  d a t a  f o r  as-plated j o i n t s  a r e  i n c l ~ d e d  
i n  F igures  5 ,  6,  and 7 f o r  c ~ n v e n i e n c e  i n  e v a l u a t i o n .  
Resu l t s  of t h e  measurements have i n d i c a t e d  t h a t  thermal  con- 
ductance a c r o s s  joined s u r f a c e s  can be enhanced by a p p l i c a t i o n  of b r i g h t  
l e v e l i n g  copper.  However, i t  was not  p o s s i b l e  w i t h i n  t h e  scope of t h i s  
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Apparent Contact Pressure, p s i  
FIGURE 8 . CaMPARISON OF JOINT T H E R W  CONDUCTANCES WITH AND WITHOUT 
ERIGHT LEVELING COPPER ON NOMINAL 125 ain.  CLA SURFACES 
(Averages of da ta )  
Apparent Contact Pressure,  y s i  
FIGURE 9. COMPARISON OF JOINT THERMAL CONDUCTANCES WITH AND WITHOLT BRIGHT 
LEVELING COPPER ON NOMINAL 8 pin. CLA SURFACES (AVERAGES OF DATA) 
Apparent C o n t a c t  P r e s s u r e ,  p s i  
FIGURE 10. COMPARISON OF JOINT TlENML CONDUCTANCE WITH AND WITHOUT BRIGHT 
LEVELING COPPER PJ.,US IAPPING ON NOMINAL 63 pin. CTA SURFACES 
(AVERAGES OF DATA) 
s tudy  t o  e v a l u a t e  q u a n t i t a t i v e l y  t h a t  amount o f  improvement. This  i s  
due p r i m a r i l y  t o  t h e  f a c t  t h a t  thermal  r e s i s t a n c e s  a c r o s s  s i m i l a r l y  pre-  
pared j o i n i n g  s u r f a c e s  i n  t h e  as-machined c o n d i t i o n  va ry  widely.  ( I t  
i s  obvious t h a t  p ro f i lomete r  r ead ings  a lone  a r e  n o t  s u f f i c i e n t  t o  
c h a r a c t e r i z e  c o n t a c t  s u r f a c e s . )  The d a t a  on F igures  5 ,  6, and 7 
i l l u s t r a t e  two important  p o i n t s  r e l a t i v e  t o  t h i s  s c a t t e r :  (1)  on t h e  
b a s i s  of  t h i s  work, t h e  probable  c o r r e l a t i o n  of s u r f a c e  m i c r o f i n i s h  
(as-machined) and thermal r e s i s t a n c e  i s  n o t  i n d i c a t e d ,  and (2)  i n  some 
c a s e s ,  as-machined s u r f a c e s  had lower c o n t a c t  r e s i s t a n c e  than  s u r f a c e s  
a f t e r  p l a t i n g .  The rnajor p o i n t s  h e r e  a r e  t h a t  a c t u a l  c o n t a c t  a r e a s  can  
vary widely  and unpred ic tab ly  among s i m i l a r l y  machined s u r f a c e s ,  and 
t h a t  p l a t e d  s u r f a c e s  can g i v e  more uniform and p r e d i c t a b l e  r e s u l t s  b u t ,  
i n  t h e  absence of  good f l a t n e s s ,  can  have on ly  l i m i t e d  c o n t a c t  a r e a  and 
t h u s  h igher- than-necessary  r e s i s t a n c e .  
RECOMMENDATIONS FOR FUTURE WORK 
- 
Since i t  is reasonable  t o  assume t h a t  c o n t a c t  r e s i s t a n c e  is  
minimized when t h e  c o n t a c t  s u r f a c e s  a r e  f l a t  and smooth, e f f o r t s  i n  
f u t u r e  work should be d i r e c t e d  toward development o f  s imple techniques  
t o  ach ieve  t h e s e  c o n d i t i o n s .  It is  p o s s i b l e  t h a t  a combination of 
s u r f a c e  p r e p a r a t i o n  and p l a t i n g  would be  most e f f e c t i v e .  
We sugges t  a s tudy  i n  which e f f o r t s  a r e  f i r s t  made t o  produce 
unpla ted  joint-conductance specimens t h a t  w i l l  produce r e p e a t a b l e  conduc- 
tance  d a t a .  Lapping i s  an  a t t r a c t i v e  means of ?reducing s u r f a c e s  w i t h  
a h igh  degree of f l a t n e s s ,  f o r  example, and lapped specimens may e x h i b i t  
t h e  d e s i r e d  degree of r e p e a t a b i l i t y  i n  thermal  measurements. I f  t h i s  
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i s  t h e  case ,  t h e  e f f e c t  of t h e  a p p l i c a t i o n  of b r i g h t  l e v e l i n g  copper 
p l a t i n g s  of less than 1 - m i l  t h i c k n e s s  should then  be i n v e s t i g a t e d .  
The r e s u l t s  of such an  i n v e s t i g a t i o n ,  i f  s u c c e s s f u l ,  could be 
used f o r  s p e c i f i c a t i o n s  of f l a t n e s s  and s u r f a c e  t r ea tment  of aerospace-  
component mechanical j o i n t s  where h igh  conductance is needed f o r  thermal  
c o n t r o l .  
* * * * * * * * * *  
Data and c a l c u l a t i o n s  f o r  t h i s  s tudy a r e  recorded i n  B a t t e l l e -  
Columbus Laboratory Record Books No. 27,950 and 27,969, The B a t t e l l e  
p r o j e c t  number ' 3 G-0477. 
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APPENDIX A 
PROCEDURE FOR ACID COPPER PLATING OF ALUMINUM 
ALLOY 6061 I N  A STAINLESS STEEL FIXTURE 
The procedure f o r  p l a t i n g  copper adherently on aliuminum a l l o y  
6061 rod was a s  follows: 
(1) Each 1-inch diameter rod was vapor degreased i n  t r i ch lo ro -  
ethylene.  
(2) A l l  but  the  bottom 112 inch of each rod was stopped off  
with p l a t e r s  t ape  (3M E lec t rop la t ing  Tape No. 470). 
(3) The bottom of each rod was then imdrsed i n  6 oz /ga l  
Diversey 202* e tching c leaner  f o r  one minute a t  170F 
followed by hot  water r i n s ing  a t  120F. 
(4) The rod was then immersed i n  Diversey* 6162 deoxidizer 
and desmutter containing No. 61 so lu t ion  a t  f u l l  s t r eng th  
wi th  6 ox/gal  of No. 62 powder f o r  one minute a t  160F 
followed by a cold water r i n se .  This s o l u t i o n  is  cloudy 
and r equ i r e s  s t i r r i n g  before  use. 
(5) The rod was then immersed i n  a 40 oz /ga l  Diversey Zinc-8 
displacement so lu t ion  f o r  30 seconds a t  70F followed by 
two 20-second water r i n s e s  a t  120 and 70F, respec t ive ly .  
(6) Steps  (4) and (5) were then repeated. The 6162 so lu t ion  
i n  Step (4) removed the  i n i t i a l  z inc  displacement coating.  
* Diversey Chemical Company, Div. of Diversey Corp., 212 W .  Monroe S t . ,  
Chicago, I l l i n o i s .  
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(7) Af t e r  t h e  above double z i nca t e  t rea tment ,  each rod was 
immersed i n  a cyanide copper s t r i k e  s o l u t i o n  con ta in ing  5.5 
o z l g a l  copper cyanide, 7.5 oz /ga l  sodium cyanide, 1 .0  oz /ga l  
f r e e  sodium cyanide, 4 o z l g a l  sodium carbonate,  and 8 o z / g a l  
Rochelle  S a l t s  f o r  2 minutes a t  20 amp/sq f t , t h e n  reduced t o  
30 amp/sq f t  f o r  2 more minutes a t  130F, followed by co ld  
water r i n s ing .  
(8) The t ape  was replaced wi th  a  0.017-inch-thick s l e e v e  of 
hea t - sh r inkab le  v i n y l  previously  prepared on a s i m i l a r  rod 
bu t  covering most of t h e  aluminum rod except  f o r  about  1 5  
m i l s  from t h e  end t o  be p l a t ed .  
(9) The rod w a s  i n s e r t e d  i n t o  t h e  s t a i n l e s s  steel f i x t u r e ,  
bo l t ed  i n t o  p o s i t i o n  wi th  t h e  rod recessed  about 5 m i l e  
us ing a machined Luc i te  p l a s t i c  pos i t i on ing  rod,  and immersed 
i n t o  a  5 pe rcen t  by weight s u l f u r i c  a c i d  a t  70F f o r  1 0  seconds. 
(10) Without r i n s i n g ,  t h e  whole assembly was immersed f ac ing  
downward, p a r a l l e l  t o  a  phosphorized and bagged copper anode 
a t  t h e  bottom of a  1 6 - l i t e r - a i r - a g i t a t e d  l e v e l i n g  a c i d  copper 
ba th  conta in ing 32 oz /ga l  cup r i c  s u l f a t e ,  6.5 oz /ga l  s u l f u r i c  
acid,  and Dayton Br ight  copper l e v e l i n g  agen t s  Nos, 78 and 780 
and p l a t e d  a t  40 amp/sq f t  a t  75F a t  t h e  r a t e  of about 0.0013 
m i l l h r  on t h e  6061 a l l o y .  A carpenter 's  l e v e l  was used t o  
i n s u r e  t h a t  t h e  rod was p a r a l l e l  w i t h  t h e  anode. 
(11) A f t e r  removing t h e  assembly from t h e  p l a t i n g  ba th  and co ld  
water  r i n s i n g ,  t h e  p l a t ed  rod was removed from t h e  f i x t u r e  
B A T T E L L E  MEMORIAL INST ITUTE - COLUMBUS LABORATORIES 
-- . -- -- I -  - - - - - J - - -  - -.--- - 
and dried. The nonadherent copper on the stainless steel 
fixture was removed and kept for possible micrometer thick- 
ness and surface roughness measurements. 
Lancaster Electroplating of Lancaster, Ohio, is an example of 
organizations capable of plating leveling acid copper on 6061 aluminum 
alloy. The Udylite Corporation of Detroit, Michigan, and the Dayton 
Bright Copper Company of Dayton, Ohio, are two suppliers of acid copper 
leveling agents They should be able to supply names of additional plating 
shops. 
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APPENDIX B 
TALYSURF RECORDS OF SPECIMEN 
SURFACE FINISH 
* V and H indicate vertical and horizontal scales ,  respect ively ,  f o r  one small 
d i v i s i o n  on s t r i p  char t  
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